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In enzymatic and synthetic catalytic oxidations, high-valent iron-oxo
intermediates play a vital role as the active oxidant. In this regard, many synthetic metal
catalysts are designed as biomimetic models to resemble the active site of Cytochrome
P450 enzymes (P450) which are the predominant oxidation catalysts in nature. Vitamin
B12 cofactors, with a corrole-like structure corrin, are also utilized in some of the more
difficult reactions in nature such as rearrangement and reductase reactions.
In this work, application of the promising photochemical method to corrolecontaining ligands systems showed much success in the generation of manganese(V)-oxo
corrole intermediates using two electron-deficient corrole ligands 5,10,15-tris-(4trifluoromethylphenyl) corrole (4-CF3)TPC and 5,10,15-tris-(4-nitrophenyl) corrole (4NO2)TPC. Homolytic cleavage of the O-N or O-ClO2 bond led to generation of the
detectable manganese(V)-oxo corroles which were found to act as a competent oxotransfer agent in the presence of various organic reductants. The reaction was marked by
the return to a low-valent manganese(III) corrole through a direct oxygen atom transfer
(OAT) pathway or formation of manganese(VI)-oxo corrole and manganese(IV) product

xiii

through a disproportionation pathway. The photo-generated manganese(V)-oxo corrole
intermediates were tested as the oxidizing agent for substrate oxidation reactions.
More importantly, accomplished within this work is the synthesis for a novel
porphyrin complex with light-harvesting functionalities. The light harvesting porphyrin
complex (L-Por) exhibits remarkable spectral absorption properties within the range of
400-550 nm allowing for the efficient harvesting of a broad spectrum of light. It is
expected that the attached antennae chromophores and metalloporphyrin core will absorb
visible light and, at the same time, the antennae could transfer energy to the
metalloporphyrin core. Ruthenium(II)(L-Por)(CO) was found to efficiently photo-eject
the carbonyl ligand when subjected to visible light. Generation of ruthenium(VI)(LPor)(O)2 was achieved through application of sacrificial oxidant iodobenzene diacetate
(PhI(OAc)2). Stoichiometric oxidation of ruthenium(VI)(L-Por)(O)2 formed
ruthenium(IV)(L-Por)(O) and cis-cyclooctene oxide with observed rate constants that
were 10-fold greater under visible light irradiation. Future investigations will employ a
bis-porphyrin-diruthenium(IV)-µ-oxo dimeric complex as a potential catalyst in
photocatalytic aerobic oxidation reactions.
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CHAPTER 1
INTRODUCTION
1.1

Cytochrome P450 enzymes
It was over 50 years ago when Cytochrome P450 enzymes (P450) were first

identified and purified by biochemists and pharmacologists whose focus was the study of
oxidative metabolism of drugs.1 At the time of this writing, over 2000 members of the
P450 family have been discovered. In all these cysteinato-heme containing enzymes, the
active site consists of an iron(III) protoporphyrin IX covalently linked to the protein by
the sulfur atom of a proximal cysteine ligand enveloped within the P450 protein (Fig. 11). Originally discovered in rat liver microsomes, P450s constitute a large family of
cysteinato-heme containing enzymes that have been found to inhabit all forms of life
including animals, plants, and bacteria.

N

N
Fe

III

N

N
S

Cys
O

HO

OH

O

Figure 1-1. Structure of the cysteinato-heme protoporphyrin IX complex with the
coordinated cysteine ligand loop

1

In Humans, the level of xenobiotic-metabolizing P450s may differ greatly
between individuals with some being completely devoid of various P450s due to
genetics.2 Of the 57 human P450s, only 5 are involved in drug metabolism. Typically,
P450 deactivates the drug, altering its biological activity and accelerating its clearance
from the body. Alternatively, some P450s are able to bioactivate chemicals increasing
reactivity against cellular constituents. The name P450 is attributed to the strong
absorption band exhibited at 450nm by the reduced protein when it is efficiently bound to
carbon monoxide.
P450 enzymes play a leading role in the metabolism of xenobiotics, sterols, and
vitamins A and D as well as a vast range of oxidation reactions in nature including
epoxidation, hydroxylation, dealkylation, and dehydrogenation.3,4 The reaction
mechanism involves insertion of a single oxygen atom of molecular oxygen into a nearby
substrate (Sub) and reduction of the second oxygen to a water molecule utilizing two
electrons provided by NADPH via a reductase protein (Fig. 1-2). Since only one of the
two oxygen atoms remains in the oxidized substrate, P450s are called monooxygenases.

Figure 1-2. Insertion of the oxygen atom into the substrate by cytochrome P450.
High barriers or spin forbidness are believed to contribute to the unreactivity of
molecular oxygen toward organic molecules at low temperatures.5 Living systems
overcome this by using enzymes that modify dioxygen to a form capable of performing
the desired oxidation reaction. P450 and other non-heme metalloenzymes such as Flavincontaining enzymes can modify molecular oxygen to its reactive singlet form.
2

P450

enzymes play key roles in the oxidative metabolism of drugs and have thus sparked an
intense medicinal and pharmacological interest since the first isolation and identification
of a P450 enzyme over 50 years ago.
A few studies conducted in the early 1960s on animal response to toxic chemicals
have revealed that hydrophobic exogenous materials are modified and secreted as watersoluble forms. The modification of the molecule consists of two phases beginning with
the oxidation by cytochrome P450 followed by conjugation to a sulfate or glucuronic
residue for secretion.1 The membrane bound nature of these oxidative enzymes have
posed many difficulties for decades in the biochemical characterization of the proteins.
However, in recent years it has become possible for biochemists, enzymologists, and
pharmacologists to investigate the oxidative transformations mediated by P450 enzymes
in different tissues and organs.
Establishment of the first 3D structure of the bacterial cytochrome P450cam was
described by Poulos and co-workers in 1985.6 P450cam of pseudomonas putida
catalyzes the stereospecific hydroxylation of the exo C-H bond at position 5 of camphor
(Fig. 1-3). In turn, the microorganism uses this terpene as its only source of carbon and
energy. The camphor substrate is first hydroxylated and then metabolized to isobutyrate
and acetate. Hydrogen bonds between the oxygen of the carbonyl group and the phenolic
function of the tyrosine residue orient the camphor substrate within the active site of the
enzyme.

3

Figure 1-3. Stereospecific hydroxylation of camphor by CYP450cam.
The FeIII state of the resting enzyme is capable of equilibrating between the lowspin and the high-spin state.1 The low spin is favored in the absence of the substrate
when the sixth position of the octahedron is occupied by a water molecule. In the
presence of camphor, displacement of the water molecule and axial ligands from the
hydrophobic pocket occurs causing a shift to the high spin form. The shift induces a
change in the redox potential from -300 to -170 mV after substrate binding which
promotes the reduction of the ferric center by reductase.
At present, 12 X-ray structures have been published with the most studied being
camphor monooxygenase P450cam (Fig. 1-4).7 The X-ray structure of cytochrome P450
isozyme 2C9 (CYP2C9), one of the five human isozymes of P450 involved in drug
metabolism, with the anticoagulant S-warfarin indicates that stabilization of the substrate
is achieved by stacking interactions between the drug phenyl group and phenylalanine
residues of the protein (Fig. 1-5).8 All 3D structures of cytochrome P450 exhibit
common structural elements and an overall fold characteristic of the P450 family. The
availability of 3D structures of cytochrome P450s has had a major impact on the
enzymological investigations of P450 monooxygenases.

4

Figure 1-4. P450cam 3D structure with the enveloped protoporphyrin IX active site and
the substrate d-camphor.

Figure 1-5. Cytochrome P450 isozyme 2C9 3D structure with bound warfarin.
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1.2

Catalytic cycle of cytochrome P450
45 years after the isolation and characterization of cytochrome P450, the exact

nature of the active species responsible for oxygen insertion is still a matter of intensive
debates. Griffin and Person have extensively studied the kinetic and thermodynamic
parameters of the reversible binding of the substrate.9 A second order reaction dictates
the association of camphor with a rate constant of 4.1 × 106 M-1s-1, while the dissociation
is slower with a first order rate constant of 6.0 s-1. As a result, an entropy change (ΔS) of
26 cal mol-1K-1 and a free-energy change (ΔG) of -7.7 kcal mol-1 is produced because of
the displacement of water molecules from the protein pocket when camphor binds which
indicate the substrate binding is an entropy-driven process.
Initiation of the catalytic cycle of cytochrome P450cam is triggered as the
camphor molecule enters the active site, displacing the axial water molecule (Fig. 1-6)(A
to B).1 The plane of the porphyrin ring increases from 0.30 Å to 0.44 Å in the
pentacoordinate complex. This makes the heme a better electron sink and triggers the
electron transfer from the reductase protein, initiating the cycle (B to C). The reductant
is then able to bind molecular oxygen (C to D). A second reduction, protonation, and the
displacement of water generate the high-valent iron(V)-oxo intermediate (D to F). The
cycle is finished with the conversion of camphor to 5-exo-hydroxycamphor by oxygen
transfer from the high-valent iron(V)-oxo species or isoelectronic isomer iron(IV)-oxo
radical cation causing a return to the low-valent iron(III) complex bound to water (F to
A). A polar environment is created by Tyr-96 interacting with the product complex
allowing for the reentrance of water molecules which bind and release the product from
the enzyme.10
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Figure 1-6. Intermediates generated during the catalytic cycle of cytochrome P450.
Parallelograms represent the heme-porphyrin core.
1.3

Biomimetic Oxidations
Oxidation of organic substrates, from the synthesis of fine chemicals and

pharmaceuticals to the large-scale manufacture of various commodities, is of foremost
importance in synthetic organic chemistry. Conventional oxidation methods often
require stoichiometric amounts of oxidizing acids, peracids, or highly toxic oxometal
oxidants which produce low (if any) regio- or shape-selectivity.11,12 Consequently,
copious amounts of waste are generated through consistent use of these pernicious
chemicals. Catalytic oxidation that mimics the cytochrome P450 enzyme has received
increasing attention. Notably, metalloporphyrins, with a core structure resembling that of
the iron porphyrin core of cytochrome P450, have been extensively studied for decades as
catalysts for oxidation reactions.13
7

In 1979, Groves and co-workers developed the first synthetic metalloporphyrin
catalytic oxidation system using the terminal oxidant iodosylbenzene (PhIO).14 The
generated oxidant is able to participate in the epoxidation of styrenes and cyclohexene,
and hydroxylation of cyclohexane and adamantane. Epoxidation of alkenes and
hydroxylation of alkanes by iron, manganese, and ruthenium porphyrins with terminal
oxidants PhIO, NaOCl, and 2,6-dichloropyridine N-oxide (2,6-Cl2pyNO), including
enantioselective oxidations, are currently the most extensively studied systems. A
summary of the different oxidation systems previously reviewed in the literature are
depicted (Fig. 1-7).15-21
Metal center of
metalloporphyrin catalyst
Ti

Reaction type

Terminal oxidant

Epoxidation

Cr Mn Fe Co
Mo

PhIO, C6F6IO, NaOCl, tBuOOH,
CumOOH, H2O2, KHSO5, ArMe2NO, 2,6Cl2pyNO, O2 + [red], O2, O3, N2O

O

Ru
Os
Hydroxylation

PhIO, NaOBr, NaOCl,NaClO2 tBuOOH,
CumOOH, H2O2, KHSO5, ArMe2NO, 2,6Cl2pyNO, O2 + [red], O2, NaIO4

Cr Mn Fe
Ru

OH

H

Os

Arene oxidation

O

Alkene hydration

Mn, Fe, Co, Rh porphyrins HO

Ru porphyrins

2,6-Cl2pyNO

H

O2 + [red]
O
Sulfide oxidation

Alcohol oxidation
OH

Cr, Mn, Ru porphyrins

S

O

PhIO, NaOCl, or O2

Mn, Fe, Ru porphyrins
PhIO, NaOCl, H2O2, or O2

O
S

Figure 1-7. Metalloporphyrin-based oxidation systems.
The active species in the oxidation reactions catalyzed by cytochrome P450 have
been well characterized as a high-valent iron-oxo species. Application of sacrificial
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oxidants such as PhIO, mCPBA, and O2 with metalloporphyrins result in the generation
of high-valent metal-oxo porphyrins that have been reported to function as oxidizing
agents for alkanes, alkenes, phosphines, amines, and sulfides through an oxygen atom
transfer (OAT) mechanism.22
Metallocorrole complexes have garnered increased attention due to the progress
that has been made in the synthesis of 19-membered macrocyclic triarylcorroles.23,24 In
1948, Smith & Folkers successfully isolated the cofactor Vitamin B12 and had a
significant impact on the therapeutic treatment of pernicious anemia.25 The cofactor
structure consists of a tetrapyrrolic corrin skeleton with a central cobalt atom coordinated
by four nitrogen atoms donated from the pyrroles.26 A comparison of the tetrapyrrolic
structures reveals similarity between dianionic porphyrin, trianionic corrole, and corrin
ligands (Fig. 1-8). In this work, manganese(V)-oxo corrole species were generated
chemically through the use of PhI(OAc)2 and photochemically with salts AgNO2 and
AgClO3 and tested as stoichiometric oxidants of organic reductants cyclohexene and
thioanisole.

NH
N

N
HN

Porphyrin

NH HN

N

N

HN

N

HN

N

Corrole

Corrin

Figure 1-8. Chemical structure of porphyrin, corrole, and corrin ligands.
Ruthenium porphyrins have been extensively employed as biomimetic catalysts in
oxidation reactions. Ruthenium is a metal that offers several attractive features: it bears a
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close periodic relationship with iron, it forms high-valent oxo complexes with relatively
high stability, and it exhibits high catalytic activity toward oxidation reactions.27
Compared with other metalloporphyrin catalysts, ruthenium porphyrins often show high
turnovers in catalyzing oxidation reactions and some oxoruthenium porphyrin
intermediates can be readily isolated. In the 1980s, several ruthenium porphyrin-based
oxidation systems for the epoxidation of alkenes and hydroxylation of alkanes were
reported, including RuIII(OEP)(PPh3)Br (OEP = octaethylporphyrin) by James and coworkers28, RuVI(TMP)(O)2 (TMP = tetremesitylporphyrin) by Groves and Quinn29, and
RuII(Por)(CO) or RuVI(Por)(O)2 (Por = porphyrin) by Hirobe and co-workers30. The goal
of these investigations is to develop robust and recyclable metalloporphyrin catalysts that
can catalyze a wide variety of substrates, while exhibiting high chemo-, regio-, and
sterioselectivity, and high product turnovers.
1.4

Photochemical generation of high-valent oxo intermediates
Investigations by Newcomb and coworkers in 2003 explored the use of laser flash

photolysis (LFP) methods for formation and kinetic studies of porphyrin-metal-oxo
derivatives including manganese(V)-oxo and iron(IV)-oxo porphyrin radical cations
termed compound I.31 Photochemical production of reactive metal-oxo transients allows
for much shorter time scales than the fastest mixing experiments, and the oxidation
reaction kinetics of the transients of interest are not convoluted with the kinetics of
reactions that form the transients.
Photo-induced ligand cleavage reactions involve homolytic cleavage of the O-X
bond in the precursor ligand to give an (n + 1) oxidation state metal-oxo species or
heterolytic cleavage of the O-X bond in the ligand to give an (n + 2) oxidation state
10

metal-oxo species (Fig. 1-9).32 The metal-oxo species are monitored by UV-visible
spectroscopy methods with temporal resolutions of <10 ns. Kinetics are measured in real
time in single-turnover experiments using a large excess of organic reductants to achieve
pseudo-first order kinetic conditions from which second-order rate constants can be
determined.

Figure 1-9. Photo-induced heterolytic and homolytic ligand cleavage reactions
Porphyrin manganese(V)-oxo derivatives were proposed as the key reactive
intermediate in catalytic processes for decades.33,34 However, they eluded detection until
1997 when Groves and co-workers reported the first synthesis of a manganese (V)-oxo
porphyrin complex.35 Photochemistry of manganese complexes resulted in generation of
high-valent manganese-oxo species. Continuous irradiation of porphyrin-manganese(III)
nitrates were reported to give porphyrin-manganese(IV)-oxo species, and irradiation of
porphyrin-manganese(III) perchlorates and periodates in the presence of organic
reductants gave oxidized substrates, presumably via a manganese(V)-oxo species.36
Corrole metal-oxo are intrinsically more stable than porphyrin-metal-oxo
analogues because corrole are trianionic ligands and porphyrins are dianionic ligands.
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However, metallocorroles are less robust than metalloporphyrins because the π-system of
corrole is more electron-rich and prone to oxidative degradation.37 Oxidation of corrolemanganese(III) salt with chemical oxidants gave the first isolated and characterized
relatively stable corrole-manganese(V)-oxo. In previous studies, photo-induced ligand
cleavage reactions producing corrole-manganese(V)-oxo species were achieved.38 Oneelectron oxidations of corrole-manganese(III) salts gave corrole-manganese(IV) chlorides
that reacted by ligand exchange with AgClO3 to give the chlorate complex. LFP of the
corrole-manganese(IV) chlorate complex resulted in homolytic cleavage of the ligand OCl bond to give corrole-manganese(V)-oxo species which had a UV-visible spectra that
was identical to the species formed by chemical oxidation. Kinetic studies showed that
reactions of corrole-manganese(V)-oxo are mechanistically complex. Previous
investigations of self-decay and substrate reactions revealed an order of reactivity for
corrole-manganese(V)-oxo of TPC > BPFMC > TPFC (BPFMC = 5,15bis(pentafluorophenyl)-10-p-methoxyphenylcorrole, TPFC = 5,10,15trispentafluorophenyl corrole).39 The suggested predominant oxidants in these systems
could be a manganese(VI)-oxo species formed by disproportionation but at undetectable
concentrations.
The chemistry of co-facial bis-porphyrins have also drawn increased attention
owing to the ability of these systems to utilize molecular oxygen and visible light in the
oxidation of organic substrates. One example is the catalytic aerobic oxidation by highvalent iron(IV)-oxo species in the photo-disproportionation of a diiron(III)-µ-oxo bisporphyrin complex. In a light driven catalytic process, ruthenium(IV) µ-oxo bisporphyrin complexes catalyze the aerobic oxidation of hydrocarbons using visible light
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and atmospheric oxygen as oxygen source in sequences employing photodisproportionation reactions to give putative ruthenium(V)-oxo species.40 Visible light
driven aerobic oxidation of hydrocarbons catalyzed by a bis-corrole-iron(IV) µ-oxo
complex, without the need for an external reducing agent, was reported by Zhang and
coworkers in 2013.41 Photo-disproportionation of the µ-oxo iron(IV) biscorrole resulted
in generation of iron(III) and iron(V)-oxo oxidizing species by a typical photodisproportionation mechanism (Fig. 1-10).42 Substrate oxidation by the reactive iron(V)oxo species causes generation of a second iron(III) species which undergoes aerobic
oxidation to regenerate the µ-oxo iron(IV) dimer.43 The suggested transient iron(V)-oxo
species that are highly reactive oxidants for a wide range of oxidations can be detected
and studied in real time via LFP methods.

Figure 1-10. General mechanism for a photo-disproportionation catalytic oxidation.
Parallelogram represents the porphyrin or corrole core.
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CHAPTER 2
EXPERIMENTAL SECTION
2.1

Materials
All commercially available reagents were of the best available purity. Solvents

such as acetone, methylene chloride, acetonitrile, ethanol, methanol, ethyl acetate,
propionic acid, N, N–dimethylformamide (DMF) and hexane were purchased from
Sigma-Aldrich Chemical Co. Purification of HPLC grade acetonitrile (99.93%) was
achieved by filtration through dry activated Al2O3 (Grade I, neutral). Substrates used in
kinetic and catalytic oxidations were purified through silica gel column, including
cyclohexene, cis-stilbene, cis-cyclooctene, and thioanisole. Pyrrole was purchased
through Aldrich Chemical Co. and freshly distilled prior to use for synthesis. 2,3dichloro-5,6-dicyano-p-benzoquinone (DDQ), Boron trifluoride diethyl etherate
(BF3:OEt2), trifluoroacetic acid (TFA), NaOH, NH4Cl, Na2SO4, diisobutylaluminum
hydride (DIBAL-H), 4-trifluoromethyl benzaldehyde, 4-formylbenzonitrile, 2-methyl
pyrrole, p-cyanobenzaldehyde, p-chloranil, iodobenzene diacetate [PhI(OAc)2], metachloroperoxybenzoic acid (mCPBA), triruthenium dodecacarbonyl [Ru3(CO)12],
manganese (II) acetate tetrahydrate [Mn(OAc)2], tris(4-bromophenyl)ammoniumyl
hexachloroantimonate [R3NH+·(SbCl6)-], and chloroform-d were also obtained through
Aldrich Chemical Co. and used as received.
2.2

Instrumentation
UV-Vis spectroscopic data were collected using an Agilent 8454 Cary diode array

spectrophotometer (Fig 2-1A). 1H-NMR was conducted on a JEOL ECA-500 MHz
spectrometer at 298K with 0.03% tetramethylsilane (TMS) as an internal standard (Fig 214

1B). ESI-MS data were collected using an Agilent LCMS 500 Ion Trap system. Visible
light irradiation was accomplished with a Lumencor SOLA SE II light engine configured
with a liquid light guide (6-120W) or from a tungsten lamp (60W and 300W) (Fig. 2-1
A). Reactions of RuII(L-Por)(CO) and MnIV(Cor)(Cl) with excess equivalents of mCPBA
and PhI(OAc)2 were performed in acetonitrile solutions at 23 ± 2 oC.

Figure 2-1. (A) Agilent 8454 Cary UV-Vis spectrophotometer coupled to a SOLA SE II
light engine and (B) JEOL 500MHz NMR spectrometer.
2.3

Reagent purification
Commercially available pyrrole was purified by distillation. Pyrrole (ca. 20 mL)

was collected into a 50 mL round-bottom flask containing a magnetic spin vane and
distillation apparatus. The solution was steadily heated until the boiling point of 130 oC
was reached. The colorless distillate was collected and used for porphyrin and corrole
ligand synthesis.
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2.4

General procedure for the photolysis of photo-labile manganese(IV) nitrite

Corrole [MnIV(Cor)(NO2)]
Addition of AgNO2 (ca. 10-fold) to a concentrated anaerobic CH3CN solution
containing [MnIV(Cor)Cl] gave the corresponding nitrite complexes [MnIV(Cor)NO2], and
their formation was indicated by the UV-Vis spectra. The generated species were photolabile and subsequently used in photochemical reactions. Intense light irradiation of the
solution containing the complex with a concentration in the range of (6-12) × 10-6 M
resulted in formation of the manganese(V)-oxo species within 5-20 min, monitored by
UV-vis spectroscopy.
2.5

Kinetic investigations of high-valent metal-oxo intermediates
High-valent metal-oxo complexes were mixed with excess amounts of organic

reductants in a 2 mL solution of CH3CN at 23 ± 2oC. The reaction rates representing the
oxygen atom transfer from the high-valent metal-oxo substrate were obtained by
monitoring the decay of the Soret band. A large excess of organic substrate is used to
achieve pseudo-first order kinetic conditions. Observed rates, kobs, were determined from
kinetic traces at λmax of the Soret band which displayed acceptable pseudo-first order
behavior with at least 4 half-lives. Linear plots were observed from plots of the observed
rate against substrate concentration. Second-order rate constants of the reactions of the
oxo species with the organic substrates were calculated according to Eq. 1, where ko is
the observed rate in the absence of substrate, kox is the second order rate constant, and
[Sub] is the substrate concentration. 2-3 independent kinetic experiments were averaged
for all second-order rate constants. Errors in the rate constants were weighted at 2σ.
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𝑘obs = 𝑘0 + 𝑘ox [Sub]
2.6

(Eq. 1)

Synthesis of tris-(4-trifluoromethyl phenyl)corrole [H3(4-CF3)TPC]
The meso-substituted trianionic free corrole ligand was prepared according to the

procedure introduced by Koszarna and Gryko in 2006.44 The reaction setup consisted of
a 1L three-neck round bottom flask fitted with a septum and condenser. Freshly distilled
pyrrole (697 µL, 10 mmol) and 4-trifluoromethyl benzaldehyde (875 µL, 5 mmol) were
stirred for 3 h in a mixture of H2O (200 mL) and CH3OH (200 mL) followed by addition
of a small amount of HClaq (36 %, 4.25 mL). p-Chloranil (1.23 g, 5 mmol) was added
and the reaction refluxed for 1 h. Column chromatography (silica, CH2Cl2/hexanes) and
subsequent recrystallization gave the purified dark green crystalline product 1a (76 mg,
10.3 %) which was characterized by 1H-NMR, and UV-Vis spectroscopy (Fig. 2-2).
5,10,15-Tris-(4-nitrophenyl) corrole was obtained commercially from Sigma Aldrich Co.
and the identity was confirmed by 1H-NMR and UV-Vis spectroscopy (Fig. 2-3).

Scheme 2-1. One-pot synthesis of the meso-substituted corrole ligand [H3(4-CF3)TPC]
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5,10,15-tris 4-trifluoromethylphenyl corrole [H3(4-CF3)TPC] (1a)
Yield = 76 mg (10.3%)
UV-vis (CH2Cl2) λmax/nm: 415 (Soret), 574, 615, 647
1

H-NMR (500MHz, CDCl3): δ, ppm: 7.73-7.83 (m, 6H), 8.17 (d, 2H), 8.38 (d, 4H), 8.55

(2 2H), 8.60 (d, 2H), 8.87 (d, 2H), 8.95 (d, 2H)
5,10,15-tris 4-nitrophenyl corrole [H3(4-NO2)TPC] (1b)
UV-vis (CH2Cl2) λmax/nm: 415 (Soret), 574, 615, 647
1

H-NMR (500MHz, CDCl3): δ, ppm: 7.73-7.83 (m, 6H), 8.17 (d, 2H), 8.38 (d, 4H), 8.55

(2 2H), 8.60 (d, 2H), 8.87 (d, 2H), 8.95 (d, 2H)

0.6

1.4

A

1.0
0.8
0.6

B

0.5

Abundance

Absorbance (AU)

1.2

0.4
0.3
0.2

0.4
0.1

0.2
0.0
300 350 400 450 500 550 600 650 700

0.0
12

Wavelength (nm)

10

8

6

4

2

0

-2

ppm (d)

Figure 2-2. (A) UV-visible spectrum of [H3(4-CF3)TPC] (1a) in CH2Cl2 and (B) 1HNMR spectrum of [H3(4-CF3)TPC] (1a) in CDCl3.
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Figure 2-3. (A) UV-visible spectrum of [H3(4-NO2)TPC] (1b) in CH2Cl2 and (B) 1HNMR spectrum of [H3(4-NO2)TPC] (1b) in CDCl3.
2.7

Manganese corrole synthesis
The corrole free ligand 1 (50 mg) and a large excess of Mn(OAc)2 (150 mg) were

added to a heated solution of DMF (15 mL) (Scheme 2-2). The reaction was monitored
by thin-layer chromatography (TLC) to determine the process of the metal insertion
reaction. After 30 min, no remaining free ligand was detected by TLC and the reaction
was halted. The solution was evaporated to dryness under vacuum and then the crude
solid was dissolved in diethyl ether. Column chromatography (silica, OEt2/hexanes)
afforded the dark green product 2 with characteristic UV-vis spectra (Fig. 2-4) and ESIMS (Fig. 2-6).
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Scheme 2-2. Synthesis of MnIII(Cor) 2 followed by formation of MnIV(Cor)Cl 3.
R3NH+·(SbCl6)- was added to a solution of 2 in CH2Cl2 (20 mL) and stirred at r.t.
for 30 mins to facilitate axial ligand attachment. The reaction was monitored by UV-Vis
spectroscopy. Once completed, the solution was filtered through a silica column
(OEt2/hexanes) to remove residual amine by-product which was detectable by UV-Vis
spectroscopy at approximately 320 nm. The pure solution was then evaporated to give
the product 3 with characteristic UV-vis spectra (Fig. 2-5) and ESI-MS (Fig. 2-7).
MnIII[(4-CF3)TPC] (2a)
Yield = 40 mg (80 %)
UV-vis (CH2Cl2) λmax/nm: 402 (Soret), 430, 495, 585, 642
MnIII[(4-NO2)TPC] (2b)
Yield = 30 mg (80 %)
Rf (Silica, CH2Cl2): 0.35
UV-vis (CH2Cl2) λmax/nm: 412 (Soret), 480, 595, 647
ESI-MS: m/z: 713.1 [M]+
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MnIV[(4-CF3)TPC]Cl (3a)
Yield = 30 mg (75 %)
UV-vis (CH2Cl2) λmax/nm: 415 (soret), 600
MnIV[(4-NO2)TPC]Cl (3b)
Yield = 15 mg (50 %)
Rf (silica, CH2Cl2/hexanes 3:1): 0.15
UV-vis (CH2Cl2) λmax/nm: 418 (soret), 602
ESI-MS: m/z: 746.99 [M]+, 713.15 [M – Cl]+
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Figure 2-4. (A) UV-Vis spectrum of MnIII[(4-CF3)TPC] (2a) and (B) UV-Vis spectrum
of MnIII[(4-NO2)TPC] (2b).
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Figure 2-5. (A) UV-Vis spectrum of MnIV[(4-CF3)TPC]Cl (3a) and (B) UV-Vis
spectrum of MnIV[(4-NO2)TPC]Cl (3b).
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Figure 2-6. ESI-MS of MnIII[(4-NO2)TPC] (2b).
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Figure 2-7. ESI-MS of MnIV[(4-NO2)TPC]Cl (3b).
2.8

Light-harvesting porphyrin synthesis

Scheme 2-3. Three-step synthesis of the light-harvesting benzaldehyde (6).
1,9-Dimethyl-5-(4-cyanophenyl)dipyrromethane (4)
To generate the light harvesting benzaldehyde complex, methods were employed
from Dolphin’s report in 2009.45 p-Cyanobenzaldehyde (2.62 g, 20 mmol) and 2methylpyrrole (3.57 g, 44 mmol) were flushed with argon for 10 min in a solution of
dichloromethane (100 mL) followed by treatment with TFA (0.223 mL, 3 mmol)
23

(Scheme 2-3). The mixture was stirred for 3 h at room temperature and then quenched
with 0.2 M aq. NaOH (100 mL). The compound was then extracted with ethyl acetate
and washed with H2O/brine and dried over Na2SO4. A pale yellow solid 4 (3.6 g, 65.1
%) was collected after column chromatography (silica, CH2Cl2) and confirmed by 1HNMR analysis (Fig. 2-8A).
Yield = 3.6g (65.1 %)
Rf (silica, CH2Cl2): 0.33
1

H-NMR (500 MHz, CDCl3): δ, ppm: 7.76 (s, 2H, 2NH); 7.60 (d, 2H, Ar-H); 7.35 (d, 2H,

Ar-H); 5.68 (t, 2H, -pyrrole) 5.41 (s, 1H, H-meso); 2.21 (s, 6H, CH3).
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Figure 2-8. (A) 1H-NMR spectrum of (4) and (B) 1H-NMR spectrum of (5).
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0

1,9-dimethyl-5-(4-formylphenyl)dipyrromethane (5)
DIBAL-H (1 M in hexanes, 31.0 mL, 31.0 mmol) was added in a drop-wise
manner to a solution of 4 (4.26 g, 15.5 mmol) in CH2Cl2 (150 mL) and the solution was
stirred for 4 h at room temperature. The mixture was then quenched with saturated aq.
NH4Cl (200 mL) and stirred for another 2 h. After removal of the aqueous layer, aq.
NaOH (10 %, 200 mL) was added to the emulsion. The aqueous phase was extracted
with CH2Cl2 and the combined organic layers were washed with H2O/brine and dried
over Na2SO4. A pale orange solid 5 (2.1 g, 48 %) was collected after column
chromatography (silica, CH2Cl2) and confirmed by 1H-NMR analysis (Fig. 2-8B).
Yield = 2.1 g (48 %)
Rf (silica, CH2Cl2): 0.35
1

H-NMR (500 MHz, CDCl3): δ, ppm: 9.97 (s, 1H, CHO); 7.83 (s, 2H, 2NH); 7.82 (d, 2H,

Ar-H); 7.41 (d, 2H, Ar-H); 5.77 (s, 2H, -pyrrole); 5.70 (t, 2H, -pyrrole); 5.43 (s, 1H,
H-meso); 2.21 (s, 6H, CH3)
4,4-Difluoro-3,5-dimethyl-8-(4-formylphenyl)-4-bora-3a,4a-diaza-s-indacene (6)
A solution of 5 (1.85 g, 6.65 mmol) in CH2Cl2 (50 mL) was treated with DDQ
(1.66 g, 7.3 mmol) and stirred for 1.5 h. A dark red solid precipitated from the solution.
The solution was treated with triethylamine (4.64 mL, 33.3 mmol) allowing the
precipitate to dissolve followed by addition of BF3·OEt2 (4.10 mL, 33.3 mmol). After
stirring for an additional 2 h the reaction mixture was filtered through a long silica
column (CH2Cl2) to give a brick red solid 6 (726 mg, 33.3 %) and confirmed by 1H-NMR
and UV-Vis analysis (Fig. 2-9).
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Yield = 726 mg (33.3 %)
Rf (Silica, CH2Cl2): 0.60
UV-vis (CH2Cl2) λmax/nm: 330, 515
1

H-NMR (500 MHz, CDCl3): δ, ppm: 10.12 (s, 1H, CHO); 8.00 (d, 2H, Ar-H); 7.68 (d,

2H, Ar-H); 6.70 (d, 2H, -pyrrole); 6.33 (d, 2H, -pyrrole); 2.64 (s, 6H, CH3).
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Figure 2-9. (A) UV-Vis spectrum of the light harvesting benzaldehyde (6) and (B) 1HNMR spectrum of the light-harvesting benzaldehyde (6).
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5,10,15,20-tetrakis-(4,4-difluoro-3,5-dimethyl-4-bora-3a,4a-diaza-s-indacene
phenyl)porpyrin [(L-Por)] (7)
The meso-substituted light-harvesting porphyrin ligand 7 was synthesized
according to the reported procedure by Adler et al. in 1967.46 Freshly distilled pyrrole
(86 µL, 1.23 mmol) and the light-harvesting benzaldehyde 6 (400 mg, 1.23 mmol) were
refluxed in a solution of propionic acid (10 mL). Recrystallization was conducted by
allowing the solution to slow cool to ambient temperature and then submerging the flask
into an ice bath. The precipitate was collected and washed thoroughly with methanol (ca.
25 mL). Column chromatography (silica, CH2Cl2/hexanes) affordeds the vermillion red
product 7 (100 mg, 23.4 %). The product was characterized by TLC, UV-vis (Fig. 2-10),
1

H-NMR (Fig. 2-11), 13C-NMR (Fig. 2-12), and ESI-MS (Fig. 2-13).

Scheme 2-4. Single-step condensation reaction to form the meso-substituted lightharvesting porphyrin ligand (7).
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Yield = 100 mg (23.4 %)
Rf (silica, CH2Cl2): 0.92
UV-vis (CH2Cl2) λmax/nm (log ε): 346, 419 (Soret, 4.23), 512 (4.01)
1

H-NMR (500MHz, CDCl3): δ, ppm: 8.98 (s, 8H, -pyrrole); 8.39 (d, 8H, Ar-H); 7.93 (d,

8H, Ar-H); 7.12 (d, 8H, -pyrrole); 6.47 (d, 8H, -pyrrole); 2.78 (s, 24H, CH3); -2.71 (s,
2H, inner-H)
C-NMR (500MHz, CDCl3): δ, ppm: 158.1, 143.8, 142.2, 134.8, 134.5, 133.9, 130.6,

13

129.0, 119.9, 119.6, 31.0, 29.8, 15.2
ESI-MS: m/z: 1487.3 [M]+
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Figure 2-10. UV-Vis spectrum of the light-harvesting porphyrin (7).
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Figure 2-11. 1H-NMR spectrum of the light-harvesting porphyrin (7).
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Figure 2-12. 13C-NMR spectrum of the light-harvesting porphyrin (7).
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Figure 2-13. ESI-MS of the light-harvesting porphyrin (7).
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CHAPTER 3
VISIBLE LIGHT-DRIVEN GENERATION OF HIGH-VALENT MANGANESEOXO CORROLE INTERMEDIATES
3.1

Introduction
19-membered metallocorroles, unsaturated analogues of the corrin ligand in

cobalt-containing B12 enzymes, have gained increasing attention in recent years due to
their similarity to metalloporphyrins.37,47-49 Corrole-metal-oxo species with trianionic
ligand are generally more stable than the well-studied dianionic porphyrin-metal-oxo
species. Specifically, the relatively stable manganese(V)-oxo corroles serve as important
mechanistic probes for understanding metal-catalyzed oxidation reactions in nature.50-52
The electronic nature of the ligand has been shown to have an impact on the reactivity of
manganese(V)-oxo corroles. Isolation and characterization of an electron-deficient
manganese(V)-oxo corrole complex was achieved by Gross and co-workers through
ozone oxidation of the MnIII precursor.53 Gross and coworkers have suggested that
highly electron-demanding manganese(V)-oxo corroles directly transfer the oxygen atom
and less electron-demanding species undergo disproportionation reactions instead to
generate a manganese(VI)-oxo as the oxidizing species.54 Detailed in this chapter is an
investigation for the generation and study of high-valent manganese(V)-oxo reactive
intermediates by visible light irradiation of nitrite and chlorate precursors with two
electron-deficient corrole ligands 4-CF3TPC and 4-NO2TPC. In addition to the high
temporal resolution of photogeneration, the advantage to forming the metal-oxo
intermediates by photochemical rather than chemical methods is that the kinetics of the
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reaction are not convoluted by rate constants from formation of reactive transients
generated by interactions of excess sacrificial oxidant with the low-valent metal species.32
3.2

Manganese corrole nitrite precursors
Addition of excess AgNO2 to a concentrated CH3CN solution containing the

manganese(IV)-chloride corrole complex 3a resulted in facile exchange of the chloride
counterion to give the corresponding manganese(IV)-nitrite corrole 8a (Scheme 3-1)
which was indicated by the characteristic UV-vis absorbance band at 430 nm (Fig. 3-1).
The generated manganese(IV)-nitrite corrole species 8a was photo-labile and
subsequently used in photochemical studies. In contrast, a relatively stable
manganese(III) corrole complex 2b with a spectroscopic signature like that of the known
values (Fig. 3-2), was generated upon excess addition of AgNO2 to a concentrated
CH3CN solution containing the manganese(IV)-chloride corrole complex 3b via a
reduction pathway. The kinetics of oxidation reactions can be complicated by excess
NO2- which could serve as a potent reductant reacting with the generated metal-oxo
intermediates. Similarly, AgClO3 was also used to generate manganese(IV)-chlorate
photo-labile complexes for photochemical studies.
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Scheme 3-1. Axial ligand exchange reactions
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Figure 3-1. UV-Vis spectrum of MnIV[(4-CF3)TPC]Cl (3a) (dashed line) and MnIV[(4CF3)TPC]NO2 (8a) (solid line)
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Figure 3-2. UV-Vis spectrum of MnIV[(4-NO2)TPC]Cl (3b) (dashed line) and MnIII[(4NO2)TPC] (2b) (solid line)
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3.3

Visible light generation of manganese(V)-oxo corrole
Irradiation of the nitrite or chlorate corrole complex 8 in anaerobic CH3CN with

visible light from a SOLA SE II Light Engine resulted in changes in absorption spectra
with isosbestic points at 352, 493, 560, and 644 nm. Over a period of 10 min, the
manganese (IV) complex 8 decayed and the manganese (V)-oxo corrole intermediate 9
was formed displaying signature peaks at 345, 420 and 610 nm in the UV-Vis spectra
(Fig. 3-3 and 3-4). The generation of the manganese (V)-oxo species can be explained by
photo-induced homolytic cleavage of the O-X (X = N or Cl) bond in the counterion,
resulting in one-electron photo-oxidation (Scheme 3-2).
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Ar
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a: Ar = (4-CF3)C6H4
b: Ar = (4-NO2)C6H4

Scheme 3-2. Photochemical and chemical generation of corrole-manganese(V)-oxo
species.
In previous studies, a similar homolytic mechanism was observed in porphyrinMnIII(ClO3), corrole-MnIV(XO3), and porphyrin-RuIV(XO3)2 (X = Cl and Br) to give
manganese(IV)-oxo porphyrins, manganese(V)-oxo corroles and transdioxoruthenium(VI) porphyrins, respectively. AgClO3 and AgNO2 exhibit different
photo-efficiencies when applied in high-valent metal-oxo formation. It was found that
irradiation of nitrite corrole ligands resulted in much more efficient photochemical
cleavage than chlorate ligands. Nitrite salts are also safer to handle than potentially
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explosive bromate and chlorate salts. Generation of the high-valent intermediate 9 is
comparable to previously generated MnV complexes triphenyl corrole (TPC) and
tripentafluorphenyl corrole (TPFC). The order for formation of 9 was found to be TPC >
4-NO2TPC > 4-CF3TPC > TPFC, reflected by the expected oxidation potential of corrole
ligands. Control experiments revealed that species 9 was not formed in the dark
indicating that the formation reaction is indeed light-dependent.
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Figure 3-3. Time-resolved spectra of MnV[(4-CF3)TPC]O (9a) following irradiation of
MnIV[(4-CF3)TPC]NO2 (8a) with visible light in anaerobic CH3CN over a period of 10
min at 23 ± 2 oC.
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Figure 3-4. Time-resolved spectra of MnV[(4-NO2)TPC]O (9b) following irradiation of
MnIV[(4-NO2)TPC]ClO3 (8b) with visible light in anaerobic CH3CN over a period of 10
min at 23 ± 2 oC.
3.4

Chemical generation of MnV(Cor)(O) with PhI(OAc)2
In previous studies, application of the mild sacrificial oxidant PhI(OAc)2 has been

known to produce manganese(V) corrole intermediates from manganese(III) corrole
precursors (Scheme 3-2) that performed as efficient catalysts in sulfoxidation of various
substrates.55 PhI(OAc)2 is not as common as other sacrificial oxidants used for metalcatalyzed reactions due to its mild oxidizing ability.56-58 PhI(OAc)2, in general, doesn’t
show reactivity towards organic sulfides nor damage the metal catalysts. This is
beneficial because metallocorroles are less robust and susceptible to oxidative
degradation. A dilute CH3CN solution containing 2b was subjected to PhI(OAc)2 (15 eq.)
causing a shift from MnIII-corrole to the detectable MnV-oxo-corrole 9b (Fig. 3-5) which
was further investigated in substrate oxidation studies.
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Figure 3-5. Time-resolved spectra for the chemical formation of MnV[(4-NO2)TPC]O
(9b) following addition of PhI(OAc)2 (15 eq.) to a solution of MnIII[(4-NO2)TPC] (2b) in
CH3CN over a period of 2 min.
3.5

Kinetic study of high-valent corrole-manganese-oxo species
Manganese(V)-oxo corrole transients have been shown to act as oxo-transfer

agents in the presence of various organic substrates. However, reactions with high-valent
corrole intermediates are incredibly complex making mechanistic inquiries rather
challenging. Cleavage of the attached oxygen atom causes a subsequent return to MnIV
which is detectable by UV-vis spectra (Fig. 3-6). Oxidation reaction kinetics of the
photo-generated managanese-oxo species 9a with thioanisole was investigated. Dilute
solutions containing the oxidant 9a were mixed with thioanisole (6 mM) in CH3CN and
the consequent regeneration of MnIV was monitored by observing the formation of the
distinct Soret band at 430 nm, suggesting formation of the putative MnVI-oxo-corrole
through a disproportionation pathway. Of note, the generated MnV complex 9a was
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found to react with excess nitrite ions in solution. Plotting the NO2- concentration against
the observed rate of MnIV formation gave a linear slope (R = 0.99) from which a second
order rate constant of 55.6 ± 10.1 M-1s-1 (2σ) was calculated using Eq. 1.
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Figure 3-6. Time-resolved spectra of 9a reacting thioanisole (6 mM) in CH3CN over
30 s.
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Figure 3-7. Kinetic plot of observed rate constants (kobs) for 9a versus [NO2-] (AgNO2) in
CH3CN at 23 ± 2 oC.
Despite the successful formation of 9b, it was difficult to generate linear kinetic
plots from the reaction of photochemically and chemically generated 9b with varying
concentrations of substrates cyclohexene and thioanisole which was possibly due to
interfering kinetics from the presence of unknown impurities. Presumably, conversion
from MnV-oxo-corrole back to the MnIV-corrole complex was observed by monitoring the
peak at 420 nm after addition of the substrate allowing for the estimation of second order
rate constants (Fig. 3-8 and 3-9). For the chemical and photochemical methods, second
order rate constants of (1.86 ± .06) × 10-2 M-1s-1 and (1.29 ± .09) × 10-2 M-1s-1 were
calculated, respectively. The conversion of MnV back to MnIV suggests a
disproportionation pathway like that witnessed by 9a. Although not expected, the
disproportionation pathway may be involved with some electron-demanding corrole
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ligands that contain relatively weaker electron withdrawing groups than that of the highly
electron deficient TPFC.
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Figure 3-8. Time-resolved spectra of photochemical generated 9b reacting cyclohexene
(1M) in CH3CN over 30s.
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Figure 3-9. Time-resolved spectra of chemical generated (9b) reacting cyclohexene (0.5
M) in CH3CN over 30s.
3.6

Proposed mechanism for multiple oxidation pathways
In our previous kinetic experiments, the less electron-demanding TPC exhibited

higher reactivity than the electron-deficient complex TPFC.59 This is inverted to the
typically observed pattern of electron-withdrawing ligands giving more reactive metaloxo species owing to the electrophilic nature of true high valent metal-oxo intermediates.
The kinetic results from these experiments strongly support the previously proposed
disproportionation mechanism through generation of a more reactive MnVI cationic oxo
species and MnIV product (Scheme 3-3).38,53,54 The well characterized manganese (VI)nitrido corrole suggests that these high oxidation states are reachable.60 However, the
concentration of 10 may be too small to monitor making the MnIV product the observed
major species. It is possible that the observed kinetics could be the disproportionation
equilibrium constant which should be larger for the less-electron demand TPC.38
41

Scheme 3-3. Mechanistic consideration of two oxidation pathways by MnV(Cor)(O) (9)
in the presence of substrates (Sub). Parallelograms represent the planar corrole ligand.
In summary, the oxidation of organic substrates by the reactive MnV(Cor)(O) 9
may proceed by one of two oxidation pathways dependent upon the electronic nature of
the corrole ligand. In the more electron-deficient system TPFC and in the polar solvent
CH3CN, the dominant pathway is the direct oxygen atom transfer (OAT) of the
MnV(Cor)(O) 9 to nearby reductants through an electrophilic reaction evidenced by the
observation of MnIII as the end-product (Scheme 3-3).59 In contrast, photodisproportionation of TPC, 4-CF3TPC, and 4-NO2TPC favors formation of the highly
reactive MnVI(Cor)(O) 10 in addition to the detectable MnIV product. Further decreasing
the electronic demand of the manganese corrole ligand from the electron deficient TPFC
showed less favorability towards the direct OAT pathway and more drive towards the
disproportion pathway to form MnVI-oxo 10 as the active oxidant and one molecule of
MnIV product. Oxidation of an organic reductant by 10 generated a second MnIV product.
MnVI(Cor)(O) 10 remained undetectable throughout the course of the reaction because it
reacts much faster than it is formed.
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CHAPTER 4
PHOTOCHEMICAL INVESTIGATION OF NOVEL RUTHENIUM
COMPLEXES CONTAINING A LIGHT HARVESTING PORPHYRIN LIGAND
4.1

Introduction
Ruthenium porphyrin complexes are one of the most extensively studied

biomimetic catalysts due to their rich coordination and redox chemistry13,15,27,61 In
particular, trans-dioxoruthenium(VI) porphyrin complexes RuVI(Por)(O)2 have received
considerable attention as biomimetic models for heme-containing enzymes.62-64
Application of peroxyacids or other terminal oxidants to ruthenium (II) precursors have
been shown to generate relatively stable trans-dioxoruthenium(VI) porphyrin complexes,
which exhibit good reactivity toward organic substrates such as phosphines, sulfides,
alcohols, and hydrocarbons.65,66 Groves and Quinn reported the first isolation and
characterization of the sterically hindered RuVI(TMP)(O)2 (TMP = 5,10,15,20tetramesityl porphyrinato dianion) by oxidation of RuII(TMP)(CO) with the oxidant
mCPBA.67 The sterically hindered ortho substituents at the phenyl groups prevent the
facile dimerization. Likewise, Che and co-workers reported the non-sterically hindered
RuVI(TPP)(O)2 (TPP = 5,10,15,20-tetraphenylporphyinato dianion) and RuVI(OEP)(O)2
(OEP = octaethylporphyrinato dianion) in the presence of coordinating solvents.68 In
addition to peroxyacids, other sacrificial oxidants such as iodosylbenzene (PhIO),
periodate, and tert-butyl hydroperoxide (TBHP) were able to generate the transdioxoruthenium(VI) species.15,67 This chapter details the formation of a transdioxoruthenium(VI) light-harvesting porphyrin complex by application of the mild
oxidant PhI(OAc)2.
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An ideal green catalytic process would efficiently utilize molecular oxygen or
hydrogen peroxide in a nontoxic solvent with an inexpensive energy source.69
Photochemical generation of reactive metal-oxo intermediates react nearby organic
reductants causing a return to a low valent state that can be recycled for catalytic
oxidation. One example of a catalytic aerobic oxidation is the reported
photodisproportionation reaction of a diiron(III)-µ-oxo bisporphyrin complex.70
However, the formed iron(IV) oxo transients exhibit low reactivity and poor quantum
efficiency. Porphyrin-ruthenium(V)-oxo intermediates have been shown to be very
efficient in catalytic processes and display good oxidative robustness.27 In this work, a
ruthenium metal was inserted into the light harvesting porphyrin complex allowing for
chemical and photochemical investigation. In previous studies, the reported
ruthenium(IV) µ-oxo bisporphyrin catalyzed the aerobic oxidations of hydrocarbons
using only visible light and atmospheric oxygen as the major oxygen source to give a
putative ruthenium(V)-oxo species by disproportionation.40 In this regard, it is expected
that [RuIV(L-Por)(OH)]2O with a light-harvesting porphyrin ligand will efficiently
capture a broad spectrum of light using both the porphyrin core and antennae
chromophores, and at the same time, transfer photo energy from antennae to the
metalloporphyrin core (Fig. 4-1).
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Figure 4-1. Depiction of a ruthenium(IV)-(L-por) µ-oxo dimer. BDP =
borodipyrromethene.
4.2

Synthesis of ruthenium(II) carbonyl light-harvesting porpyrin RuII[(L-

Por)](CO)
The free ligand 7 (40 mg) was heated in a solution of 1,2,4-trichlorobenzene to
100 oC in a 100 mL round bottom flask attached to a condenser (Scheme 4-1). Ru3(CO)12
(40 mg) was carefully added to the mixture and the solution was heated to reflux at 220
o

C. TLC with dichloromethane as the eluent was used to determine reaction completion

by indicating no free ligand remained. An additional 20 min of reflux was allotted to
ensure complete ruthenium insertion of the porphyrin ligand. An alumina column was
used to remove excess 1,2,4-trichlorobenzene by flushing with excess hexane. CH2Cl2
was then used to elute the desired product which was then evaporated to dryness as a
brick red solid 11 (20 mg, 50 %).
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Scheme 4-1. Formation of the ruthenium light-harvesting porphyrin ligand RuII[(LPor)]CO (11).
The new compound was determined by TLC, 1H-NMR, 13C-NMR and UV-Vis
spectroscopy. The UV-vis spectrum is especially unique compared to normal
metalloporphyrin in that the added BDP chromophores exhibit strong absorbance in the
range of 450-550 nm, which indicates that the light-harvesting porphyrin ligand could
efficiently capture most wavelengths of visible light (Fig. 4-2). The 1H-NMR confirms
the successful insertion of the ruthenium metal due to the lack of the inner proton peak at
δ = -2 ppm and the well-resolved doublet, doublet splitting of the aromatic hydrogens
witnessed at δ = 8.3 and 8.39 ppm (Fig. 4-3). As expected, 13 different carbons are
evidenced by the 13C-NMR spectrum (Fig. 4-4). The IR spectrum contains the
characteristic stretching frequencies of the carbonyl ligand at 1936 cm-1 and the unique
pyrrolic hydrogen stretch at 1010 cm-1 (Fig. 4-5).
Yield = 20 mg (50 %)
Rf (silica, CH2Cl2): 0.70
UV-vis (CH2Cl2): λmax/nm (log ε): 412 (Soret, 4.05), 515 (4.16), 576
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1

H-NMR (500MHz, CDCl3): δ, ppm: 8.98 (s, 8H, -pyrrole); 8.39 (d, 4H, Ar-H); 8.3 (d,

4H, Ar-H) 7.93 (d, 8H, Ar-H); 7.1 (d, 8H, -pyrrole); 6.45 (d, 8H, -pyrrole); 2.78 (s,
24H, CH3)
C-NMR (500MHz, CDCl3): δ, ppm: 158.1, 144.0, 142.3, 134.8, 134.4, 133.8, 133.6,

13

132.2, 130.6, 128.8, 121.4, 119.8, 15.1
IR: , cm-1: 1936 (CO), 1010 (pyrrolic (C-H))
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Figure 4-2. UV-Vis spectrum of RuII[(L-Por)](CO) (11).
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Figure 4-3. 1H-NMR spectrum of RuII[(L-Por)](CO) (11).
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Figure 4-4. 13C-NMR spectrum of RuII[(L-Por)](CO) (11).
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Figure 4-5. IR spectrum of RuII[(L-Por)](CO) (11).
4.3

Photo-ejection of RuII(L-Por)(CO)
It has been well established that ruthenium(II) carbonyl porphyrins undergo

photo-induced decarbonylation reactions. Irradiation of RuII(L-Por)(CO) 11 with UVlight resulted in photo-ejection of the carbonyl ligand to give RuII(L-Por) 12 which was a
much more active form of the catalyst to react with PhI(OAc)2 (Scheme 4-2). The highly
photo-efficient properties of the ruthenium light harvesting complex suggest that photoejection should happen much more rapid than normal ruthenium(II) carbonyl
porphyrinato due to energy transfer of the absorbed photons to the ruthenium(II) carbonyl
center. Swift photo-ejection of the carbonyl ligand was observed within a short time of
visible light irradiation with a SOLA Light Engine instead of higher energy UV-light,
which was monitored by UV-vis spectroscopy (Fig. 4-6).
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Scheme 4-2. Photo-ejection of the carbonyl ligand by visible light irradiation.
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Figure 4-6. Time-resolved spectra for photo-ejection of the CO ligand of RuII[(LPor)](CO) (11) following visible light irradiation over 20 s in CH3CN.
4.4

Chemical generation of a trans-dioxoruthenium (VI) light-harvesting

porphyrin complex RuVI(L-Por)(O)2
Subjecting complex 11 to PhI(OAc)2 (100 eq.) in a solution of CH3CN resulted in
generation of a novel and relatively stable RuVI(L-Por)(O)2 13 (Scheme 4-3). The
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reaction progress was monitored by UV-vis spectroscopy (Fig. 4-7A). PhI(OAc)2 has not
often been employed in metalloporphyrin catalyzed oxidations due to its mild oxidizing
ability. However, the mild oxidant PhI(OAc)2 is beneficial because it doesn’t show
appreciable reactivity toward organic substrates and doesn’t damage the porphyrin
catalysts under usual catalytic conditions. In previous studies, PhI(OAc)2 was used for
ruthenium-porphyrin catalyzed sulfoxidation reactions in the highly selective oxidation of
thioanisole to methyl phenyl sulfoxide while minimizing unwanted sulfone overoxidation
(< 1 % by GC).71

Scheme 4-3. Chemical formation of RuVI(L-Por)(O)2 (13) with PhI(OAc)2 in CH3CN.
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Figure 4-7. Time-resolved spectra for the chemical formation of RuVI(L-Por)(O)2 (13)
(A) following addition of PhI(OAc)2 (100 eq.) to a solution of RuII(L-Por) (11) in CH3CN
over a period of 2 min and (B) following addition of PhI(OAc)2 (25 eq.) to a solution of
RuII(L-Por) (12) in CHCl3 over a period of 20 s.
Generation of the RuVI(L-Por)(O)2 13 occurred much more rapidly in CHCl3 than
in CH3CN and required far less sacrificial oxidant suggesting a destabilizing effect
exhibited by relatively non-polar CHCl3 on the RuII(L-Por)(CO) complex (Fig. 4-7B). It
was found that complex 11 in CHCl3 solution gradually converted to a suspected µ-oxo
dimer complex within 1 h as indicated by the UV-vis spectrum with a blue shifted, lesser
absorption band at 400 nm (Fig. 4-8). However, dissolving 11 in a concentrated solution
of CHCl3 stabilized complex 11 over the course of weeks before dimer formation was
observed. In CH3CN solution, no dimer formation was observed and the species 11
remained stable throughout the course of the experiment.
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Figure 4-8. UV-Vis spectrum of the RuII(L-Por)(CO) precursor (11) (dashed line) and
the suspected µ-oxo dimer complex (solid line).
4.5

Stoichiometric oxidation of RuVI(L-Por)(O)2
It is well known that trans-dioxoruthenium(VI) porphyrins are much more

reactive than ruthenium(IV)-oxo porphyrins and as a result can oxidize alkenes to
epoxides.72 The highly photo-efficient ruthenium complex with the light harvesting
ligand was investigated as a potent oxidant for epoxidation of cis-cyclooctene. OAT
from RuVI[(L-Por)](O)2 13 to the substrate cause a subsequent return to RuIV[(L-Por)]O
14 which was monitored by UV-vis spectroscopy (Scheme 4-4). cis-cyclooctene (1 M)
was directly added to an CH3CN solution containing the generated RuVI(L-Por)(O)2 13
and the observed rate of decay of the RuVI-dioxo species was monitored by tracking the
absorbance band at 422 nm (Fig. 4-9).
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Scheme 4-4. Proposed mechanism for substrate oxidation by RuVI[(L-Por)]O2 (13).
Parallelograms represent the light-harvesting porphyrin ligand.
Preliminary kinetic studies revealed that reactivity of 13 was 10-fold greater when
performed under visible light. Second order rate constants were calculated to be (1.22 ±
0.05) × 10-2 M-1s-1 when the oxidation was conducted under visible light. These findings
indicate that the energy transfer from the highly efficient light-harvesting antennae to the
RuVI-dioxo center could increase the reactivity of 13 in a significant way.
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Figure 4-9. Time-resolved spectra of RuVI[(L-Por)](O)2 (13) reacting cis-cyclooctene
(1M) over a period of 3 min in CH3CN.
4.6

Photo-catalytic investigation of RuII(L-Por)(CO)
The light-harvesting functionalities of the novel porphyrin ligand allow for the

possibility of efficient aerobic photocatalytic oxidations via a photo-disproportionation
mechanism. These green catalytic processes use molecular oxygen to generate a bisporphyrin µ-oxo dimer complex as the active catalyst which can then undergo a photodisproportionation reaction to regenerate the reactive intermediates.40 The reactions were
carried out with 0.5 µmol of precursor 11 in 5 mL oxygen-saturated CH3CN solution
containing 4 mmol cis-cyclooctene (Scheme 4-5). The vial containing the mixture was
then suspended in a visible light box (300 W) for 12 h and monitored by UV-Vis
spectroscopy. An aliquot of the reaction mixture (10 µL) was diluted with CHCl3 (1 mL)
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and analyzed by GC-MS revealing no epoxide suggesting that complex 11 couldn’t form
the active catalyst of µ-oxo dimer under catalytic conditions.
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Scheme 4-5. Catalytic investigation of RuII[(L-Por)](CO) (11) for the aerobic
epoxidation of cis-cyclooctene.
4.7

Future works
A detailed procedure for the synthesis of bis-pophyrins-diruthenium(IV)-µ-oxo

dimers was described by Sugimoto and coworkers in 1982.73 Vigorously stirring a
benzene solution (25 mL) containing RuII[(L-Por)]CO 11 and NaOH (5 mL, 25% aq.)
will generate [RuIV(L-Por)]2O (Scheme 4-6). Reaction completion typically takes from 3
h to 24 h of constant stirring depending on the porphyrin system employed. Some
porphyrin systems, such as the well-characterized TMP, are unsuccessful in forming a
dimer species due to steric hindrance of the attached ligands. However, meso-substituted
metalloporphyrins have seen much success in dimer formation suggesting that the lightharvesting ligand may be able to form the photocatalytic dimer [RuIV(L-Por)(OH)]2O.
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Ruthenium(IV) µ-oxo bisporphyrin complexes have been shown to catalyze the
aerobic oxidation of hydrocarbons using visible light and molecular oxygen as the
oxygen source employing photo-disproportionation reactions to give a putative
ruthenium(V)-oxo species and ruthenium(III)-hydroxide product which undergoes
aerobic oxidation with O2 to reform the dimeric complex (Scheme 4-7). In previous
studies, visible light photolysis of diruthenium(IV) µ-oxo porphyrins in the presence of
cis-cyclooctene produced cis-cyclooctene oxide as the only identifiable oxidation product
(>95% by GC) with ca. 220 TON (mol product/mol catalyst).40 Although not observed
directly; computational studies predict that the produced ruthenium(V)-oxo species are
stable with respect to ruthenium(IV)-oxo radical cations.74 Competitive catalytic
oxidation of ethylbenzene and ethylbenze-d10 showed a kinetic isotopic effect (KIE) of
kH/kD = 4.8 ± 0.2 at 298K like the KIE reported for the reaction of ethylbenzene with an
electron-deficient iron(IV)-oxo porphyrin radical cation species.75 The observed KIE is
larger than those observed in typical auto-oxidation processes suggesting a non-radical
mechanism that involves intermediacy of ruthenium(V)-oxo.76 Kinetic studies were
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accomplished by generating the ruthenium(V)-oxo species in the presence of organic
substrates at varying high concentrations under pseudo-first order conditions.
slow
1/2 O2

OH
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RuV

OH
+

RuIII

visible light
O
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OH
rapid

RuIV
OH
Sub

Sub-O

Scheme 4-7. Aerobic catalytic oxidation by [RuIV(L-Por)(OH)]2O through a
disproportionation pathway.
Further investigation of the substrate scope of the light harvesting complex could
yield a possible route for photocatalytic oxidation reactions by a dimeric complex. The
light harvesting ruthenium porphyrin complex contains enormous potential as a photocatalyst due to the ability to efficiently capture a broad spectrum of light and transfer
energy to the metalloporphyrin core. It is expected that employing the light-harvesting
ligand in dimeric catalytic oxidation reactions will show increased catalytic efficiency.
Further optimization of the synthetic and catalytic procedures for the light-harvesting
complex are underway in our laboratory.
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CHAPTER 5
CONCLUSION
In summary, expansion of the photochemical method to corrole containing
ligands showed much success in the generation of manganese(V)-oxo corrole
intermediates using electron-deficient ligands (4-CF3)TPC and (4-NO2)TPC. Homolytic
cleavage of the O-N or O-ClO2 bond led to generation of the detectable manganese(V)oxo intermediates which were found to act as a competent oxo-transfer agent in the
presence of various organic reductants. It was expected that the highly-deficient ligands
would undergo a direct oxygen atom transfer reaction to generate the manganese(III), but
formation of manganese(IV) corrole product was observed suggesting a
disproportionation pathway to generate the elusive manganese(VI)-oxo corrole. Some
lesser electron-deficient systems can undergo a disproportionation pathway instead of the
expected direct OAT pathway.
This work accomplished the synthesis for a novel porphyrin complex with lightharvesting functionalities. The light harvesting porphyrin complex is of great interest due
its remarkable spectral absorption properties within the range of 400-550 nm allowing for
the efficient harvesting of visible light. The attached antennae chromophores and the
metalloporphyrin core both absorb visible light, and at the same time, transfer energy
from the antennae to the porphyrin core. Ruthenium(II)(L-Por)(CO) was found to
efficiently photo-eject the carbonyl ligand when subjected to visible light which has only
been previously accomplished through the use of more powerful UV-light. As expected,
generation of ruthenium(VI)(L-Por)(O)2 was achieved through application of the
sacrificial oxidant PhI(OAc)2. Stoichiometric oxidation of ruthenium(VI)(L-Por)(O)2
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with the substrate cis-cyclooctene formed a ruthenium(IV)(L-Por)(O) and cis-cyclooctene
oxide with observed rate constants that were 10-fold greater under visible light
irradiation, presumably due to the efficient energy transfer of the light-harvesting
complex.
Future investigations will seek to employ a bis-porphyrin-diruthenium(IV)-µ-oxo
dimer complex as a potential catalyst in highly efficient photocatalytic oxidation
reactions with expected higher efficiency. Optimization of the synthetic process in
procuring reproducible batches of the light harvesting porphyrin complex is also
underway in our lab. Light harvesting porphyrin complexes exhibit enormous potential
as highly efficient green oxidation photo-catalysts.
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ABBREVIATIONS AND SYMBOLS
Ar

Aryl

Al2O3

Aluminum oxide

AU

Absorbance unit

BDP

Borodipyrromethene

BF3·OEt2

Boron trifluoride diethyl etherate

13

Carbon nuclear magnetic resonance

CYP450s

Cytochrome P450 enzymes

DIBAL-H

Diisobutylaluminum hydride

DDQ

2,3-Dichloro-5,6-dicyano-p-benzequinone

DMF

N,N-Dimethylformamide

H3TPC

5,10,15-Triphenylcorrole

H3TPFC

5,10,15-Tris(pentafluorophenyl)corrole

[H3(4-CF3)TPC]

5,10,15-Tris(4-trifluoromethylphenyl)corrole

[H3(4-NO2)TPC]

5,10,15-Tris(4-nitrophenyl)corrole

HPLC

High-performance liquid chromatography

k0

Background rate constant

kox

Second-order rate constant

kobs

Observed pseudo-first-order rate constant

LFP

Laser flash phtolysis

m-CPBA

meta-Chloroperoxybenzoic acid

MnIII(Cor)

Manganese(III) corrole complexes

MnIII[(4-CF3)TPC]

Manganese(III) 5,10,15-tris(4-trifluoromethylphenyl)corrole

C-NMR
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MnIII[(4-NO2)TPC]

Manganese(III) 5,10,15-tris(4-nitrophenyl)corrole

MnIV(Cor)Cl

Manganese(IV) corrole chloride complexes

MnIV(TPFC)Cl

Manganese(IV) 5,10,15-tris(pentafluorophenyl)corrole
chloride

MnIV(TPC)Cl

Manganese(IV) 5,10,15-triphenylcorrole chloride

MnIV[(4-CF3)TPC]Cl

Manganese(IV) 5,10,15-tris(4-trifluoromethylphenyl)corrole
chloride

MnIV[(4-NO2)TPC]Cl

Manganese(IV) 5,10,15-tris(4-nitrophenyl)corrole chloride

Na2SO4

Sodium sulfate

NADH

Nicotinamide adenine dinucleotide

NADPH

Nicotinamide adenine dinucleotide phosphate

OEP

Octaethylporphyrin

PhIO

Iodosylbenzene

PhI(OAc)2

Iodobenzene diacetate

Ppm

Parts per million

P2O5

Phosphorus pentoxide

p-Chloranil

Tetrachloro-1,4-benzoquinone

R3NH+·(SbCl6)-

Tris-(4-bromophenyl)ammoniumyl hexachloroantimonate

RuII(L-Por)(CO)

Ruthenium(II) carbonyl (light-harvesting porphyrin)

RuII(TMP)(CO)

Ruthenium(II) carbonyl (5,10,15,20-tetramesitylporphyrin)

RuVI(L-Por)(O)2

trans-Dioxoruthenium(VI) (light-harvesting pophyrin)

RuVI(TMP)(O)2

trans-Dioxoruthenium(VI) (5,10,15,20-tetramesitylporphyrin)

Sub

Substrate
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TBHP

tert-Butyl hydroperoxide

TLC

Thin layer chromatography

TMS

Tetramethylsilane

TMP

Tetramesitylporphyrin

TPP

Tetraphenylporphyrin

UV-vis

Ultraviolet-visible

75

